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Abstract
This work deals with the ultra violet laser based fabrication of Bragg gratings in perfluorinated polymer optical fibers and their 
characterization. This kind of polymer fibers shows a higher transparency than typical polymer fibers based on polymers with 
carbon hydrogen bonds like polymethylmethacrylate, the most used material for polymer optical fibers to date. Up to now only 
gratings inscribed by the phase mask technique in thin slabs of the amorphous fluoropolymer CYTOP (cyclic transparent optical 
polymer) made from polymer fibers were successfully detected. Infrared spectra of Bragg gratings in a perfluorinated polymer 
fiber are presented for the first time here.
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1. Introduction
The first reflection spectrum of a polymer optical fiber Bragg grating (POFBG) fabricated with the phase mask 
method was shown by Peng et al. in 1999 [1]. The base material of the polymer fiber was methyl methacrylate [2].
Since then the generation of gratings in various kinds of polymer optical fiber (POF) was reported frequently. The 
material of most POF with which FBG sensors were successfully fabricated to date bases on methyl methacrylate.
Exceptions are POFBG which are based on TOPAS, a cyclic olefin copolymer [3]. The mentioned fibers have the 
disadvantage that their usable fiber length is limited to several decimeters if typical Bragg gratings with Bragg 
wavelengths in the infrared (IR) region are used due to the relatively high optical attenuation of the polymer in the 
IR spectral range [3].
Perfluorinated POF have the advantage that their attenuation is significantly lower in the infrared spectral range 
which is usually used for fiber Bragg grating (FBG) applications. Perfluorinated POF allow data transmission with 
IR wavelengths of 1300 nm [4] and of 1500 nm [5] over a length of several 100 m. However, to date the successful 
fabrication of FBG with perfluorinated POF was not reported [6], [7] in spite of laboratory-confirmed 
photosensitivity [8], [9], [10]. In [8], [9] photosensitivity was found at the wavelength of 355 nm. It was possible to 
inscribe volume gratings by the phase mask technique in thin slabs of the amorphous fluoropolymer CYTOP (cyclic 
transparent optical polymer) made from POF [8]. The results indicate a photoinduced index modulation of the order 
of 3 · 10-4 [9]. In [10] the photosensitivity at the wavelengths of 457.9 nm, 488.0 nm and 514.5 nm was investigated. 
The results showed that the photosensitivity was higher at shorter wavelengths. 
In this publication the successful fabrication and characterization of FBG with perfluorinated POF are presented 
for the first time. The fabrication method has been described entirely in a German patent application [11]. Detailed 
process parameters and results of the optical functionality of such POFBG generated by the common phase mask 
method and a krypton fluoride excimer laser have not been published in the public technical literature so far at the 
best knowledge of the authors. Transmission and reflection experiments in the IR spectrum validate the successful 
generation of POFBG. In this work, the stability of such a Bragg grating was proved over a time period of half a 
year. Also results of the measurement of the glass transition temperature Tg of the POF material by differential 
scanning calorimetry (DSC) are shown. 
Nomenclature
d grating period of the phase mask grating
Tg glass transition temperature
x direction in the plane of the polymer optical fiber endface perpendicular to the y direction
y direction in the plane of the polymer optical fiber endface perpendicular to the x direction
z longitudinal direction of the polymer optical fiber
O wavelength of the laser light
CYTOP cyclic transparent optical polymer
DSC differential scanning calorimetry
FBG fiber Bragg grating
GOF glass optical fiber
GOFBG glass optical fiber Bragg grating 
IR infrared
OSA optical spectrum analyzer 
POF polymer optical fiber 
POFBG polymer optical fiber Bragg grating
SHM structural health monitoring
SLED superluminescent light emitting diode
SMF single mode fiber
TOPAS trade name of a cyclic olefin copolymer
UV ultra violet
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2. Materials and methods
2.1. Polymer fiber preparation
The used graded-index perfluorinated POF with the item name GigaPOF-50SR was manufactured by Chromis 
Fiberoptics, Inc. The bare fiber has a core diameter of (50 ± 5) μm and an over-cladding diameter of (490 ± 5) μm. 
Fig. 1 a shows a cross-section of such an extruded perfluorinated graded-index POF with the over-clad 
reinforcement layer. 
The preparation procedure used in this work for the Bragg grating inscription consists of the following steps: The 
POF sample was cut of approximately 300 mm of length by a razor blade. For the Bragg grating inscription the 
over-cladding layer was removed by chemical etching as follows. One end of the POF sample was dipped with a 
length of approximately 200 mm in a glass dish containing chloroform (CHCl3) and the other end was held by a
person. The POF sample was stirred in the chloroform solution for about 3 min until the entire over-cladding part of 
the fiber was dissolved in the solution [12]. The fiber sample part with the removed over-cladding was stirred again 
in a second dish with pure chloroform for 30 s to remove possible traces of the over-cladding remaining. A second 
cut with the razor blade separates the part with the over-cladding from the part without over-cladding. Finally, the 
fiber sample without the over-cladding has a diameter of around 90 μm and a preparation length of around 200 mm. 
In such prepared fiber samples the Bragg gratings were inscribed. 
For the differential scanning calorimetry (DSC) experiments the polymer samples were prepared as follows: A 
Soxhlet extraction was carried out according to DIN 54278-1: 1978-02 using dichloromethane for removing the 
over-cladding of POF samples. Each POF sample of 1 m of length was spooled separately with fiber radii between 
1 cm and 2 cm and was placed separately inside an extraction thimble which is loaded into a Soxhlet extractor. For 
each sample two extraction cycles were carried out. Each extraction cycle had a duration of 2 min. These purified 
POF samples were used for the differential scanning calorimetry experiments. 
One of the POF samples was irradiated by the krypton fluoride excimer laser Lambda Physik LPX 305i with an 
accumulated fluence of 2.5 kJ/cm2. The laser has an emission wavelength of 248 nm, the pulse duration was 20 ns 
and the repetition rate was 50 Hz. For this irradiation experiment one of the POF samples with the removed over-
cladding was taken out of the thimble and unraveled. The unraveled fiber was spirally wound between two round 
quartz glass plates with a diameter of 1 in so that an Archimedean spiral was formed by the POF. For the spooling 
one end of the POF sample was stuck in the middle of the first quartz glass plates and the second plate was pressed 
on an uncured glue dot in the middle of the first plate with the result that the gap between both glasses is a bit larger
(around 100 μm) than the diameter of the polymer fiber. This sandwich of quartz glass plates and polymer fiber 
spiral was irradiated. Throughout the irradiation the pulse fluence was decreasing unintentionally from 40 mJ/cm2 at 
the beginning to 20 mJ/cm2 at the end. 
The outer-clad free polymer fiber samples were cut in smaller parts so that the cut parts fit in the pan for the 
DSC. In Table 2 the weights of the polymer samples are listed. 
2.2. Differential scanning calorimetry
A TA Instruments differential scanning calorimeter DSC Q2000 was used to determine the glass transition 
temperature (Tg). For most rigid thermoplastic materials the Tg represents the upper limit of practical use [13]. The 
tests were performed according to the requirements of standard ISO 11357-2 but the polymer sample weight was 
significantly lower than specified by the standard. 
The irradiated fiber sample as well as the untreated fiber sample was prepared as described in section 2.1.
Between 0.23 mg and 0.94 mg of the POF were enclosed in covered aluminum pans. Each cover was manually 
pierced. The prepared pan is used in combination with a reference pan. It has identical configuration filled with air 
only. The cover of the reference pan is not pierced. 
The DSC curves of the POF were obtained from the first and second heating run. Each sample pan was heated up 
to 300 °C at a rate of 20 K/min, cooled down to room temperature (first run) and heated up to 300 °C at a rate of 
20 K/min (second run) again. This takes place in an inert gas atmosphere of nitrogen.
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The characteristic glass transition temperature is manifested by a baseline change which specifies a change in the 
heat capacity. For analyzing this endothermic characteristic the approximate midpoint of this range over which the 
glass transition takes place is determined. The midpoint temperature is the point at which the DSC curve is 
intersected by a line that is equidistant between the extrapolated onset temperature and extrapolated end 
temperature.
2.3. Bragg grating generation
As ultra violet (UV) source to inscribe the Bragg gratings in the prepared fiber samples the krypton fluoride excimer 
laser Lambda Physik LPX 305i with an unstable resonator was employed. The laser beam profile was reduced to 
1 cm · 1 cm via an aperture. The pulse fluence was adjusted and stabilized throughout the irradiation process by an 
external, computer-controlled attenuator which was integrated in the beam path. For this purpose a constant part of 
the pulse energy of around 10 % was directed with a beamsplitter onto a calibrated detector so that throughout the 
irradiation experiments this part of energy of each pulse was recorded. The laser was automatically switched off 
when the predefined cumulative fluence was achieved. 
The generation of Bragg gratings was done by the phase mask technique [14]. One end of the prepared polymer 
optical fiber sample was fixed with adhesive on the combined sample and phase mask holder as sketched in Fig. 1 b. 
The holder is an aluminum plate with a hole and several edge guides and mechanical stops. The laser beam was 
directed through the hole. The edge guides and mechanical stops supported the alignment of the mask and the POF.
The other end of the fiber was fixed with adhesive on a glass plate of a weight of around 2 g for sufficient tension 
applied to the fiber when this fiber end hangs down over the edge of the holder as depicted in Fig. 1 b so that the 
fiber was hold straight and firm. The ±1-phase mask optimized for 248 nm was purchased from the company Ibsen 
Photonics A/S, Denmark. The grating area with a grating period d of 1084.45 nm is 1 cm · 1 cm. The phase mask 
was aligned with the grating side in direct contact to the fixed polymer optical fiber sample so that the phase grating 
striations were perpendicular to the longitudinal direction of the fiber. The phase mask grating was placed with its 
striations parallel to the long dimension of the UV beam cross-section. 
The used irradiation parameters are listed in Table 1. After the irradiation the fiber was cut with a razor blade to a 
length of about 3 cm with the irradiated zone of 1 cm length in the middle. The cut positions are depicted in Fig. 1 b. 
2.4. Optical characterization
In order to demonstrate the existence of the fiber Bragg gratings several methods were used. The irradiated fiber 
samples were investigated with optical microscopy to observe the grating structure. The microscope was built by 
Jenapol, model Interphako. For the microphotograph a Keyence VHX-1000 with a VH-100UR lens was used.
A laser-based diffraction set-up was employed to identify beams diffracted by the grating. The set-up is depicted 
in Fig. 2 a. The red (O = 633 nm) helium neon laser beam with a diameter of 1 mm was directed perpendicularly to 
the polymer optical fiber axis and strikes the polymer optical fiber in the zone with the grating where the fiber was 
irradiated by the UV krypton fluoride excimer laser. The fiber was fixed on an alignment holder for accurate 
positioning of the samples in the diffraction experiments. A screen with a slit which consists of two white papers 
was used to visualize diffracted beams by the generated grating. The zero order of the beam was directed through 
the slit so that the screen is only illuminated by diffracted beams and unavoidable stray light. 
For measuring the reflection and the transmission spectra of the POFBG a superluminescent light emitting diode 
(SLED) with a spectral range of about (1.40–1.52) μm was used as broadband source. The IR light was coupled into 
a circulator where it was directed via a standard single mode fiber and an active aligned end face coupling into the 
3 cm long polymer fiber sample. When reflection spectra were measured the reflected light was directed via the 
optical circulator into an EXFO IQ-5240 optical spectrum analyzer (OSA) as depicted in Fig. 2 b. When 
transmission spectra were measured a standard telecommunication fiber connected with the OSA was used to collect 
transmitted light at the output port of the polymer fiber sample. In the spectral measurements paraffin oil was used 
as index-matching fluid between the polymer fiber ends and the glass fiber ends. 
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a b
Fig. 1. (a) Cross-section of extruded perfluorinated graded index POF with an over-clad (reinforcement) layer generated by a razor blade cut; 
core/clad/over-clad, 50 μm / 90 μm / 490 μm; (b) Sketch of the section view of the Bragg grating generation set-up; edge guides and mechanical 
stops are not shown.
Table 1. Irradiation parameter sets; the repetition rate was always 50 Hz.
Parameter set Pulse fluence / mJ/cm2 Cumulative fluence / J/cm2 Exposure time / min
1 40 5.0 42
2 40 2.5 21
3 40 1.5 13
4 40 1.0 8
5 40 0.5 4
6 80 2.5 10
a b
Fig. 2. (a) Schematics of diffraction from a Bragg grating recorded in a perfluorinated polymer optical fiber; (b) Sketch of the set-up for 
measuring the reflection and the transmission spectra of the polymer optical fiber Bragg grating.
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3. Results
3.1. Differential scanning calorimetry
The characteristic glass transition temperatures obtained from the first run and second run are listed in Table 2
together with the extrapolated temperatures. Comparing the glass transition temperatures of the irradiated and 
untreated samples the differences are in the range of less than 5 °C.
A remarkable result is the different characteristics of the untreated samples and irradiated samples at the first and 
second run of the DSC measurement. During the first run the glass transition temperatures of the untreated POF 
samples were lower than during the second run. The arithmetic means of the Tg of the untreated samples are 
104.5 °C (1. run) and 107.1 °C (2. run). The opposite is the case for the irradiated samples. For the irradiated 
samples the measured glass transition temperatures were higher during the first run than during the second run. The 
arithmetic means of the Tg of the irradiated samples are 106.8 °C (1. run) and 103.5 °C (2. run).
In general, as a consequence of UV irradiation the structure of the polymer is changed. UV radiation usually 
causes degradation of polymers which results in a lower glass transition temperature.
Table 2. Details of the differential scanning calorimetry.
Sample Irradiated 
2.5 J/cm2
Weight
mg
Extrapolated onset 
temperature /  °C
1. Run 2. Run
Extrapolated end 
temperature /  °C
1. Run 2. Run
Glass transition 
temperature  /  °C
1. Run 2. Run
1 No 0.94 99.1 106.3 109.5 109.0 104.3 107.3
2 No 0.86 98.0 105.4 108.7 108.5 103.4 106.9
3 No 0.82 101.9 104.8 110.0 109.7 105.9 107.2
Arithmetic mean of the untreated samples 99.7 105.5 109.4 109.1 104.5 107.1
4 Yes 0.34 105.5 101.8 107.2 105.8 106.4 103.8
5 Yes 0.23 106.0 103.0 107.9 104.1 106.9 103.6
6 Yes 0.30 105.0 101.7 109.2 104.6 107.0 103.2
Arithmetic mean of the irradiated samples 105.5 102.2 108.1 104.8 106.8 103.5
3.2. Microscopy
Grating structures were visible with the microscope at the polymer fiber samples irradiated with 5 kJ/cm2 only. A
typical part of such a grating structure is shown in Fig. 3 a. The grating structure was visible over the whole polymer 
fiber core but not in the cladding layer. The detectable grating period by the optical microscope is 1 μm and 
conforms to the phase mask grating period. This can be explained with the existence of additional diffraction orders 
besides the ±1 diffraction order of the phase mask grating throughout the irradiation [15]. In the irradiated zone a 
yellowing only of the polymer fiber core was clearly visible by microscopy.
3.3. Diffraction measurements
A polymer optical fiber sample with an identified grating structure by optical microscopy showed a visible 
diffraction pattern as shown in Fig. 3 b. The first diffraction order was visible on the screen. The brightness of the 
diffracted light on the screen was relatively weak and was similar to the brightness of the stray light. The other 
samples with different irradiation fluences were tested but did not show an evidence of diffraction pattern. 
3.4. Spectra measurements
Spectra with clear reflection peaks and transmission dips exist at each exposure parameter set which are listed in 
Table 1. In Fig. 4 a a transmission spectrum and a reflection spectrum of a POFBG are shown. The Bragg signals 
have a bandwidth of around 10 nm and consist of at least 13 reflection maxima or transmission minima with a 
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distance of around 0.7 nm each, pointed in Fig. 4. Each extremum represents a mode group also known as principal 
mode [16]. Each principal mode consists of several excited guided modes of the POF whose propagation constants 
are almost the same. It depends on the position of the single mode launch fiber which modes are excited.
Fig. 4 b shows first results about the stability and reliability of the fabricated POFBG. After storage in the 
laboratory over 6 months the reflection spectrum is almost the same in comparison to the spectrum that was 
measured 1 day after the inscription process. The differences in the spectra like the spectral shift of 1.5 nm and the 
reduced dynamic of 0.6 dB are in the range of the limited measurement accuracy due to differences of the test 
conditions between the two measurements. 
a b
Fig. 3. (a) Microscopic photograph of a part of the grating structure; perpendicular to the longitudinal direction of the polymer optical fiber a 
grating period of 1 μm is observable. The photograph was taken with the Keyence microscope. (b) Photograph of diffraction of a Bragg grating 
recorded in a perfluorinated polymer optical fiber; for better visibility a negative brightness representation is chosen with dashed lines to point the 
particular parts on the photograph. The POFBG was fabricated with an irradiation fluence of 5 kJ/cm2.
a b
Fig. 4. (a) Transmission and reflection spectra of a POFBG generated with a fluence of 5 kJ/cm²; for better visibility the transmission spectrum is 
+10 dBm shifted. (b) A reflection spectrum after one day and after six months of the same POFBG; in this case the grating was inscribed with 
parameter set 6. For better visibility the spectrum measured after 1 day of the inscription of the grating is +10 dBm shifted.
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4. Application potential
The refractive index of the perfluorinated GigaPOF-50SR at the wavelength of 589 nm is similar to the refractive 
index of water [12]. Perfluorinated polymers are more chemically stable against chemical solutions and have a lower 
absorption of water than polymethylmethacrylate and the most other amorphous transparent thermoplastics [17].
These characteristics of the GigaPOF-50SR promise advantages for applications in the field of biosensor [18].
Together with their relatively low attenuation in the infrared spectral range and the possibility of inscribing Bragg 
gratings in this kind of fiber new application potentials arise. 
FBG sensors are optical sensors which are based on refractive index gratings. Their typical grating period is in 
the range of several 100 nm. FBG are used for measuring local strains and temperatures. Today usual commercially 
available FBG sensors base on glass optical fibers (GOF). In comparison with common glass optical fiber Bragg 
grating (GOFBG) sensors POFBG have advantages if their higher ductility is crucial. It should be possible to 
measure strains more than 6 % which is higher than the limit for usual GOFBG [19]. This is a clear advantage of 
POFBG compared to GOFBG. It is expected that POFBG are easier to integrate in textiles than GOFBG. These 
characteristics of the perfluorinated GigaPOF-50SR promise advantages for applications in the field of structural 
health monitoring (SHM).
5. Conclusion
The results show that the core material of the GigaPOF-50SR fiber is photosensitive at the UV wavelength of 
248 nm. The photosensitivity of the core is high enough for Bragg grating inscription with that wavelength. The 
POFBG have a promising and useful stability and reliability. In addition the glass transition temperature Tg after 
irradiation for Bragg grating inscription is over 103 °C. That all indicates that useful service conditions for the 
POFBG of this work exist. 
This new kind of POFBG could be the first step for new types of optical elements and sensors with up to now 
unreached performance. A clear advantage of POFBG compared to GOFBG is that their failure strain of POF is
higher than the failure strain of GOF. In principle it should be possible to monitor strains of more than 6 % with a 
polymer fiber Bragg grating in SHM applications. Also applications in the field of biosensor and sensitive textiles 
are thinkable and promising.
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